INTRODUCTION
Some of the world's most productive aquifers such as the Edwards aquifer in Texas and the Floridan and Biscayne aquifers in Florida are found in carbonate rocks (White, 1989) . Karst aquifers are often characterized as having high vertical permeabilities due to vertical conduits and sinkholes that allow for a rapid recharge of the groundwater (Hess et al., 1989; Ford and Williams, 1989) . Karst aquifers also are often connected to surface-water bodies as flow-through systems (Smart, 1988; Katz, 1995a) . The rapid infiltration capacity, combined with surface-water interaction make groundwater in karst systems highly susceptible to contamination (Ryan and Meiman, 1996) . Delineating watershed areas in karst aquifers is difficult, because subsurface groundwater-flow divides often do not coincide with topographic boundaries. Identifying the various sources and areas of groundwater recharge in karst systems is important for proper water-resource management.
One method of identifying sources and areas of groundwater recharge is through the use of geochemical tools, such as the stable isotopes of O and H. Oxygen and hydrogen isotopes have been used in numerous hydrogeologic investigations (see Kendall, 2000, and Fontes, 1980 , for reviews) and have been successful in identifying the contribution of surface water to groundwater in karst environments (Katz, 1995b; Plummer et al., 1998 ). In south Florida, H-and O-isotope variations were used to define groundwater-flow conditions along the northern (Meyers et al., 1993; Plummer et al., 1998) and eastern boundaries (Wilcox, 2004) of Everglades National Park. Major-ion chemistry has been used extensively to determine the saturation state of groundwater with respect to carbonate minerals for the purposes of defining recharge areas (Shuster and White, 1972) , as well as groundwater-flow paths (Plummer, 1977) . Spatial variations in major-ion chemistry have been used to decipher the vertical transport of groundwater from deeper to shallower aquifers (Sacks et al., 1995) , as well as in areas affected by seawater intrusion (Price and Herman, 1991; Wicks and Herman, 1995) . Major-ion chemistry has also been used to characterize the groundwater of the surficial aquifer system on a regional scale in south Florida (Sonntag, 1987) .
In this investigation, major-ion chemistry and isotopic composition of groundwater, surface water, and rainfall were used to identify various sources of recharge water as well as inputs of different waters into a complex karst aquifer system, the surficial aquifer system in south Florida, United States. Hand O-isotope compositions were used to differentiate areas recharged directly by rainfall from areas recharged by surface water, and to estimate the proportion of rainfall in Everglades National Park produced from local evaporation of Everglades surface water. Major-ion chemistry provided a basis for quantifying recharge rates, identifying seawater intrusion and inputs from deeper aquifers, and investigating the possibility of a hydraulic connection between the two major waterways (Shark Slough and Taylor Slough) in Everglades National Park.
Hydrogeology
Everglades National Park occupies most of the south Florida peninsula and Florida Bay (Fig. 1) . Groundwater flow in the mainland portion of Everglades National Park occurs within the unconfined surficial aquifer system. The lithologic and hydrologic characterizations of the surficial aquifer system are described in detail by Fish and Stewart (1991) and Reese and Cunningham (2000) . The surficial aquifer system consists of Miocene-to Holocene-age siliciclastic and carbonate sediments and varies in thickness from 50 m to 82 m. It contains two named carbonate aquifers, the Gray Limestone aquifer and Biscayne aquifer, and two layers of siliciclastic sediments (Fig. 2) . The low-permeability sediments of the Hawthorn Group form the base of the surficial aquifer system and act as a confining unit for the underlying Floridan aquifer system.
The Biscayne aquifer forms the top of the surficial aquifer system and is one of the most productive aquifers in the world, with measured transmissivities in excess of 30 million m 2 /yr, and estimated hydraulic conductivity between 1.5 and 4.5 million m/yr (Fish and Stewart, 1991) . The Biscayne aquifer is an unconfined karst aquifer dominantly composed of highly porous units of the Fort Thompson, Miami Limestone, and Key Largo Formations. The Biscayne aquifer forms an eastward-thickening wedge, from a feather edge in northwestern Shark Slough to over 65-m-thick along the southeastern coastline (Fig. 1) . In many portions of Everglades National Park, the Biscayne aquifer is overlain by marl and peat deposits. The Biscayne aquifer is the sole source aquifer for most of south Florida.
The topography across Everglades National Park is extremely flat, with elevations ranging from 9 m above sea level along its northern boundary to sea level at the coastline. The dominant topographic feature in Everglades National Park is referred to as the Rocky Glades (Fig. 3) , which ranges in elevation from 1.5 to 2.5 m. The flat terrain contributes to an extremely low hydraulic gradient (0.00005) as well as to poorly defined watershed boundaries. The Rocky Glades separate the two main waterways within Everglades National Park, Shark Slough and Taylor Slough (Fig. 3) . Shark Slough is the larger of the two sloughs and flows southwest to the Gulf of Mexico. Florida Bay receives freshwater runoff mainly from Taylor Slough and the C111 canal basin. The sloughs are slow-moving bodies of water dominated by expanses of sawgrass marshes and tree islands in what is called "The River of Grass." The boundaries of the sloughs vary in lateral extent depending upon waterlevel conditions. During times of low water-level conditions, very slow moving to standing water is limited to the interior of the sloughs and in depressions in the limestone bedrock of the Rocky Glades. At times of high water levels, surface water occurs throughout, including in the Rocky Glades region, completely obscuring the boundaries between Shark and Taylor Sloughs. Canals located along the northern and eastern boundaries of Everglades National Park are cut into the limestone bedrock of the Biscayne aquifer and contain water all year round. South Florida has a subtropical monsoon-type climate, with most rainfall occurring in the summer months from midMay through mid-October. Water levels within Everglades National Park vary seasonally, with the highest water levels typically recorded in September during the wet season, and the lowest water levels recorded in April near the end of the dry season. The total difference in the seasonal water level varies between 0.1 and 1.5 m (Fish and Stewart, 1991) . The general direction of groundwater flow across Everglades National Park is from north to south, with a southwest flow toward the Gulf of Mexico in the Shark Slough area. Groundwater flows toward the southeast away from the eastern Everglades National Park boundary and to the Atlantic Ocean. In the vicinity of Taylor Slough, the direction of groundwater flow varies depending upon water-level conditions in the canals and the time of year (Genereux and Slater, 1999 ).
An aerial resistivity survey of shallow groundwater conditions in Everglades National Park confirmed that seawater intrusion into the Biscayne aquifer occurs along the entire southern and western coastlines of Everglades National Park (Fitterman et al., 1999) . Salinity measurements of groundwater collected throughout Everglades National Park indicate that seawater intrudes not only into the Biscayne aquifer but throughout the entire 68 m thickness of the surficial aquifer system (Price, 2001) . Furthermore the groundwater mixing zone within the surficial aquifer system is wide, ~6-28 km (Price et al., 2003) . 
Stable Isotopes
The principal governing factor in the variability of the ratios of 18 O to 16 O and D to H in water is the evaporation and condensation cycle. During evaporation, the heavier isotopes ( 18 O and D) are preferentially left behind and the lighter isotopes ( 16 O and H) are concentrated in the water vapor. Water vapor is commonly depleted in the heavy isotopes relative to seawater. During condensation, the reverse occurs, the heavier isotopes are rained out preferentially, making the resulting cloud vapor more depleted than seawater.
Most of the world's precipitation defines a linear relationship in a plot of δD versus δ 18 O. This line is called the meteoric water line (MWL) and is described by the equation (Craig, 1961) :
The line has a slope of 8 resulting from the fractionation of H, which is ~8 times that of O. An intercept of 10 is common for precipitation produced from seawater; however, the intercept value may vary for local sources of precipitation. Surface waters that have undergone evaporation tend to fall on a line with a slope less than 8. Isotopic enrichment of the evaporating water body increases along the evaporation line away from the MWL as the amount of the water remaining approaches zero. The slope of the evaporation line is dependent upon the ambient humidity, and decreases from near 8 at 100% humidity to 3.7 for 0% humidity (Gonfiantini, 1986) . For south Florida, where the relative humidity is close to 75%, the slope of the evaporation line tends to fall between 5 and 6. Besides relative humidity, the resulting isotopic composition of an evaporating water body is also a function of the temperature of evaporation and the isotopic composition of the atmosphere. The evaporation of a water body returns water vapor to the atmosphere that often has an isotopic composition falling to the left of the MWL. The reequilibration of this water vapor with that already in the atmosphere and its subsequent rainfall typically has a deuterium excess (d) value greater than 10. Dansgaard (1964) defined deuterium excess (d) as:
Rainfall with a d value greater than 10 is indicative of origination from an evaporative source and can be used to determine (qualitatively) the contribution of water evaporated from the Everglades to the local atmosphere and subsequent rainfall.
METHODS

Groundwater, Surface Water, and Precipitation Sampling
Groundwater was collected from 46 wells screened at various depths (2-60 m) within the surficial aquifer system (Table 1) , and from one deep well (G-3319TW) within the underlying Hawthorn Group (Fig. 3) . Surface water was collected at 23 sites in conjunction with the groundwater wells or from the canals that border Everglades National Park. Both groundwater and surface water were sampled on an approximately monthly basis from January 1997 to September 1999 for δ 18 O and δD, major cations (calcium, magnesium, sodium, and potassium), major anions (chloride and sulfate), and for total alkalinity. The pH, specific conductance and/or salinity, and temperature were recorded at the time of sample collection. Prior to sampling, the depth to groundwater in each well was measured, and then each well was purged of at least three well volumes. All water samples were filtered through a 0.45 µm filter (Gelman Sciences GWV High Capacity In-Line Groundwater Sampling Capsule) and stored in a refrigerator at 4 °C until analysis. Samples collected for major cations were acidified with nitric acid to a pH of less than 2.
Rainwater was collected at four stations for δ 18 O and δD ( Fig. 3) on an approximately monthly basis through the study. At the Iori site in Everglades National Park, an Aerochemetrics wet/dry collector was used to collect rainwater samples as well as to measure the amount of rainfall. At the C-111 and L-67ext sites, rainwater samples were collected from a bottle equipped with a funnel. To prevent evaporation of the rainwater, a piece of looped-tygon tubing was attached to the bottom of the funnel and made long enough to reach the bottom of the bottle. A standard forestry 6 in rain gauge was placed next to the bottle collector to measure rainfall amount. At the Redland site, located 10 km east of Everglades National Park, rainwater was collected from a standard forestry 6 in rain gauge on a daily basis and transferred to another bottle that was kept capped and indoors to prevent evaporation.
Laboratory Analysis
The D/H and 18 O/ 16 O ratios were determined by mass spectrometry using the methods of Epstein and Mayda (1953) and Coplen et al. (1991) , respectively, and are reported here in common permil (‰) notation relative to the Vienna standard mean ocean water (VSMOW) standard. The mass spectrometer used was a Europa Geo 20-20 equipped with an autosamplerequilibration unit (Europa WES). Precision as determined by the coefficient of covariance (standard deviation divided by the mean) of 10 internal laboratory standards within each run was 0.08‰ for δ 18 O and 1.0‰ for δD.
Dissolved concentrations of major cations and anions were determined by ion chromatography using a Dionex 120. Total alkalinity was determined potentiometrically by acid titration and computed using a Gran function (Stumm and Morgan, 1996) . Precision was 0.02 mmol/L ,as determined from replicate analysis of laboratory standards. Original concentrations of HCO 3 -(mmol/L) and CO 3 2-(mmol/L) for each sample were determined with the model CO2CYS (Lewis, 1997) . The total alkalinity and temperature at which the alkalinity titration was performed were input to the model. The HCO 3 -and CO 3 2-concentrations were determined for the original pH and temperature of the sample as determined at the time of sample collection. For brackish samples, the salinity of the sample was input to the model, however, interactions with silica or borates were not considered. As an accuracy check on the major ions, an ion balance was performed, and differences of <10% were considered acceptable.
Evaporation Model
The flux of water vapor from an evaporating surface water in Everglades National Park was investigated using the evaporation model developed by Craig and Gordon (1965a) . The reader is referred to Craig and Gordon (1965a) , Gat (1996) , or Kendall and Caldwell (1998) for more complete derivations and descriptions of the model. According to this model, the isotopic composition of moisture evaporating from a surface water body (δ E ) is defined as:
where, ∈ = ∈ * + ∆∈, ∈ * = (1 -1000α), and α * < 1. The term α * is the fractionation factor between the vapor and the liquid (Equation 3) and its dependence upon temperature is given by Kakiuchi and Matsou (1979) . In Equation 3, δ w and δ a refer to the isotopic compositions of the surface water and the vapor already in the atmosphere, respectively. Relative humidity, h, is defined as the saturated vapor pressure at the surface temperature of the evaporating water body and is less than 1. The total isotope fractionation (∈) is the sum of the equilibrium fractionation (∈ * ) and the kinetic fractionation (∆∈). The term ∆∈ is a kinetic fractionation resulting from different diffusivities of water molecules in the liquid-air boundary and is approximated by:
where ∈ k is a kinetic constant with values of 25.1‰ for δD and 28.5‰ for δ 18 O (Merlivat, 1978) . For the weighting term, θ, a value of 1 is applicable for small bodies of water with evaporation that does not significantly influence the ambient moisture (Gat, 1995) , but has been shown to have a value of 0.88 for evaporation from the North American Great Lakes (Gat et al., 1994) , a value of 0.5 for the eastern Mediterranean Sea (Gat, 1996; Gat et al., 1996) , and a value of 0.48 for mean ocean water . The term n varies from 0.5 to 1, with a value of 0.5 most applicable for open bodies of water and is the value used here . In this investigation, Equations 3 and 4 were solved for varying temperatures and humidities and compared to the surface water data obtained from Everglades National Park.
RESULTS
Stable Isotopes
Precipitation The δ 18 O values of rainfall collected from the four sites varied from -6.38‰ to 0.05‰, with most values less than zero.
Rainfall δD values varied from -34.02‰ to 7.32‰. The rainfall weighted means of δ 18 O and δD were -2.83‰ (standard error [S.E.] = 0.21‰) and -10.59‰ (S.E. = 1.54‰), respectively. A best-fit linear regression of the data results in a slope of 7.1 ± 0.3 and an intercept of 9.9 ± 0.9, which are only slightly lower than a slope of 8 and an intercept of 10 for the MWL. The weighted mean isotopic composition of the rainfall falls on the MWL within the standard error (Fig. 4) . Both δ 18 O and δD of rainfall varied throughout the sampling period with no discernible spatial or temporal trends.
There was no significant correlation between the O-isotope composition of rainfall and rainfall amount (slope = -0.001 ± 0.002, r 2 = 0.012), nor was there a significant correlation between H-isotope composition of rainfall and amount (slope = -0.014 ± 0.013, r 2 = 0.036). Deuterium excess values ranged from 5.59‰ to 20.22‰, with a mean of 12‰ and a 95% confidence interval of ±0.96‰.
Groundwater and Surface Water
The δ 18 O and δD values of the surface waters were variable (-5.97‰ < δ 18 O < 6.09‰; -40.66‰ < δD < 36.35‰), with mean values of 0.25‰ and 3.34‰, respectively. The stable isotopic composition of the groundwater was also variable (-6.75‰ < δ 18 O < 3.23‰; -42.24‰ < δD < 22.17‰), with mean values of -0.52‰ and -0.50‰, for δ 18 O and δD, respectively. When δD is plotted against δ 18 O (Fig. 5) , the mean isotopic compositions of the surface water and groundwater from the surficial aquifer system fall to the right of the MWL along a best-fit linear regression line with a slope of 5.1 ± 0.8.
There is a general trend toward more negative δ 18 O values of groundwater with depth (depth [m] = -7.4 × δ 18 O + 11.9; r 2 = 0.3). The isotopic composition from the deepest well, completed within the Hawthorn Group, had the lowest measured mean values of δ 18 O (-3.21‰) and δD (-14.5‰). In Figure 5 , the mean isotopic composition of the Hawthorn Group well plots below the weighted mean isotopic composition of Everglade's rainfall and falls to the left of the MWL. Coincidently, the Hawthorn Group well plots along the same best-fit linear regression through the mean isotopic compositions of the surface water and groundwater in the surficial aquifer system. Brackish groundwater and surface water were defined for this investigation as having a specific conductance of greater than 500 µS/cm and were identified by their major-ion chemistry as influenced by seawater. A best-fit linear regression line through the brackish samples has a slope of 5.2 and an intercept of 2.4. The mean δD and δ 18 O values of Florida Bay surface water are 1.00‰ and 11.35‰, respectively (Swart et al., 2001) , and plot at the end of the linear regression through the brackish samples (Fig. 5) . The similarity in slopes of both the evaporation and seawater mixing lines makes it difficult to separate these processes using only H-and O-isotopic variations.
Both surface water and groundwater from the regions of Shark Slough, C-111 basin, and the Rocky Glades tend to plot in individual clusters on a graph of δ 18 O versus δD (Fig. 6) . The δ 18 O and δD values of waters from Shark Slough are the most positive, followed by those from the C-111 basin. Waters from the Rocky Glades have negative values of δ 18 O and δD.
The variability in the isotopic composition of the surface water was both seasonally and event driven (Fig. 7) . (Fig. 7) . Monthly mean δ 18 O values of deep groundwater (>28 m) were consistently below zero, with an overall mean of -1.77‰ ± 0.39‰.
Major-Ion Chemistry
The mean concentrations of the major cations and anions of the Everglades National Park water samples plot in three major groups on a Piper diagram: (1) a calcium-bicarbonatetype water indicative of fresh Everglades water; (2) a sodiumchloride-type water indicative of seawater influence; and (3) a mixing-zone group that plots between the freshwater and seawater types (Fig. 8) . Water samples classified as fresh Everglades water contained high calcium and bicarbonate concentrations, as expected for waters in contact with a carbonate aquifer ( Table 2 ). The fresh water had moderate specific conductance of around 500 µS/cm and near-neutral pH (Table 2) . Waters containing concentrations of sodium and chloride above 100 mM were considered influenced by seawater (Table 2) , which included groundwater with salinity between 9 and 22 psu. Waters classified as part of the seawater mixing zone fell between the freshwater and seawater end members. Mixingzone waters had chloride and sodium as their dominant ions, but with average concentrations of 30 mM or less. The majorion composition of the groundwater tended not to change sig- nificantly throughout the 2.5 yr investigation. However, the chemistry of surface waters near the coast varied significantly from fresh water during the wet season to brackish during the dry season.
Four water samples plot away from the three main groups in Figure 8 . Well G-3323B has moderate salinity (2.4 psu) and is most likely affected by seawater intrusion; however, the sample also contains a high calcium concentration, which causes it to plot away from the other seawater samples. Well G-3337 falls along a line on the Piper diagram between the fresh Everglades waters and well G-3323B, suggesting that it is a mixture of these two waters. Well G-3319TW is a deep well (73 m) screened at the top of the Hawthorn Group. Its location on the Piper diagram indicates that groundwater of the Hawthorn Group is chemically distinct from the surficial aquifer system. Groundwater from well G-3319TW is classified as a sodiumbicarbonate-type water. Groundwater from this well also has a low mean specific conductance of 327 µS/cm and a high mean pH of 9.17 as compared to the wells sampled from the lower portion of the surficial aquifer system. Well G-3318B is located 3 m away from G-3319TW and is screened at 25 m. The chemistry of this well plots along a line between Everglades freshwater and G-3319TW on the Piper diagram, suggesting it is a mixture of surficial aquifer system groundwater and deep Hawthorn Group groundwater.
The major-ion chemistry of rainwater collected at Royal Palm in Everglades National Park by the National Acid Deposition Assessment Program (http://nadp.sws.uiuc.edu) is also plotted in Figure 8 . The high concentrations of sodium and chloride in the rainwater indicate a local influence of sea salts (Table 2) .
Groundwater chloride concentrations in the surficial aquifer system generally increase from north to south across Everglades National Park (Fig. 9) . Chloride values of <2mM are typical for the surficial aquifer system along the northern border of Everglades National Park, while chloride concentrations of >100 mM occur in the groundwater at E146 at the southern end of Taylor Slough. Between these two sites, low chloride concentrations of <1 mM occur at shallow depths (<10 m) in the Rocky Glades. Besides the strong increase in chloride concentrations from north to south, there is a smaller but noticeable increase in chloride concentration with depth from the surface to ~40 m. Below 40 m depth, there is a slight decrease in chloride concentration (Fig. 9 ).
DISCUSSION
Sources of Precipitation
The weighted mean isotopic composition of the rainfall measured in this study, δ 18 O = -2.83‰, δD = -10.59‰, is similar to precipitation data collected locally between 1983 and 1988, δ 18 O = -2.7‰ and δD = -11.5‰ (Swart et al., 1989) , and between 1996 and 1998, -4.7‰ to -0.29‰ for δ 18 O, and -32.93‰ to 8.78‰ for δD, as reported by Wilcox (2004) . The mean isotopic composition of rainfall measured in the Everglades is also similar to the mean isotopic value of marine precipitation, δ 18 O = -3‰, δD = -14‰, as collected by the International Atomic Energy Agency-World Meteorological Organization (IAEA-WMO) precipitation network from islands and ships (Gat, 1996) , suggesting that the dominant source of precipitation in the Everglades is from evaporated seawater.
Although evaporated seawater is the dominant source of atmospheric moisture in south Florida, evaporation of surface water from an area as large as the Everglades is expected to have some contribution to the local atmospheric water budget. For instance, evaporation of water from the Great Lakes contributes between 4% and 16% of the downwind atmospheric moisture (Gat et al., 1994) . Evaporation of surface water in the Amazon Basin, the world's largest evaporative continental basin, contributes between 20%-40% of the basin's total evapotranspiration (Gat and Matsui, 1991) .
For the evaporation model, Everglades surface water was assumed to have a δ 18 O value of 0.25‰ and δD value of 3.5‰, which are representative of the mean isotopic composition of all the surface waters. The oxygen isotopic composition of evaporative moisture produced from this surface water under a range of temperatures (16.6-38.6 °C) and relative humidities (68-74%) varied from -15.3‰ to -11.6‰. Values for δD of the evaporative moisture varied from -83.4‰ to -70.2‰. An evaporation line was produced with a slope of 5.1 (similar to that of the Everglades data) using a value of 0.8 for the weighting term θ in Equation 4. A value of 1 for θ produced evaporation lines with slopes less than 5, which are too low to represent the Everglades data. Interestingly, the θ value of 0.8 determined for the Everglades is similar to the value of 0.88 as determined for evaporation from the North American Great Lakes (Gat et al., 1994) .
The results of the evaporation model indicate that atmospheric vapor in equilibrium with the weighted mean isotopic composition of Everglades rainfall, at an average temperature of 27 °C and relative humidity of 70%, plots close to a line parallel to the MWL with a deuterium excess (d-excess) value of 12‰ (Fig. 10) . A mean d-excess value >10% suggests that some portion of the atmospheric moisture is produced locally from evaporation of Everglades surface water. The percentage of evaporative moisture from the Everglades to the total atmospheric moisture can be approximated (according to Gat et al., 1994) 
where d refers to the d-excess, and the terms p, a, o, and E refer to precipitation, the local atmosphere, the original atmosphere, and the evaporative moisture, respectively. In this study, the local atmospheric moisture is assumed to be in equilibrium with local rainfall and has a d a value of 14.9‰. 
Pathways of Groundwater Recharge
The δ 18 O and δD of both groundwater and surface waters from Everglades National Park fall along a line with a slope less than 8 (Fig. 5 ). This line represents both an evaporation line and a mixing line. The line intersects the MWL at a δ 18 O value of -2.75‰ and a δD value of -12‰, which is slightly below the
Geochemical indicators of groundwater recharge in the surficial aquifer system 261 weighted mean isotopic composition of Everglades rainfall (δ 18 O = -2.8‰; δD = -10.5‰), but within the range error. This result suggests that local precipitation is the ultimate source of most groundwater and surface water in Everglades National Park. However, the position of many of the surface waters along the evaporation line, away from its intersection with the MWL, indicates that these waters have been exposed to evaporation. The position of some of the groundwater, far out along the evaporation line, indicates that they are recharged by the evaporated surface water. The isotopic composition of surface waters varies spatially across Everglades National Park. The change from positive to negative δ 18 O values in the surface water from the northern to central regions of Everglades National Park suggests there is little interaction of water between Shark Slough and the other areas within Everglades National Park-Rocky Glades, C-111 basin, and Taylor Slough (Fig. 6) . As surface water flows from north to south across Everglades National Park, its isotopic signature is expected to increase with increased exposure to evaporation. The observed decrease in isotopic composition in both the surface water and groundwater suggests that the regions of the Rocky Glades, Taylor Slough, and C-111 basin are recharged locally from precipitation and interactions with the overlying surface water and canals.
Surface waters from Shark Slough have the highest values of δ 18 O and δD, indicating that these waters are exposed to a high degree of evaporation (Fig. 6 ). Most groundwater in Shark Slough also contains positive δ 18 O and δD values, indicating that it is recharged by the overlying evaporated surface water. Surface waters of the C-111 basin tend to have positive values of δ 18 O and δD, suggesting that the surface water is exposed to evaporation. Similarly, shallow groundwater in the C-111 basin has positive δ 18 O and δD values, suggesting that it is recharged by the overlying surface water. Surface water in the C-111 basin tends to occur in canals. A direct connection between the canals and the surrounding aquifer has been identified (Genereux and Slater, 1999) , and the similarity in the δ 18 O and δD values of the groundwater and surface water in the C-111 basin confirms this connection.
The best-fit line through the groundwater and surface water δ 18 O and δD values (Fig. 5) can also be described as a mixing line. The mean δ 18 O and δD values of Florida Bay plot along the most positive end of the line, whereas the mean values for the Hawthorn well plot along the most negative end of the line. From inspection of the δD versus δ 18 O graph (Fig. 5) , the groundwater in Everglades National Park is interpreted to be a mixture of rainfall, evaporated surface water, seawater, and the deeper groundwater input from the underlying Hawthorn Group. The proportion of each of these components in a groundwater sample cannot be discerned from inspection of δ 18 O and δD values, because each of the four mixing components falls along the same line.
Fresh surface water and groundwater in Everglades National Park are dominantly made up of a calcium-bicarbonatetype water typical for water in contact with a carbonate aquifer (Fig. 8) . Even though local rainfall is dominated by sodium and chloride, most likely from sea spray, the chemical composition of the rainfall changes to a calcium-bicarbonate-type water upon contact with the carbonate aquifer. Fresh waters from the four main areas of Everglades National Park (Shark Slough, Taylor Slough, Rocky Glades, and the C-111) cannot be distinguished with their major-ion chemistry using Piper diagrams (Fig. 8) . However, surface water and shallow groundwater in the Rocky Glades tend to have the lowest concentrations of ions, suggesting that these waters have the lowest contact time with the aquifer matrix (Fig. 9) . Negative δ 18 O and δD values of the surface waters and groundwater of the Rocky Glades indicate that they have not experienced significant amounts of evaporation (Fig. 6) . The Rocky Glades region of Everglades National Park is slightly elevated above the lowland sloughs. Surface water in this area occurs mainly in small depressions or borrow lakes (such as Sisal Pond). Often during the dry season, surface water is absent across much of the area and only occurs in the deepest depressions. The lack of widespread surface water allows the groundwater in the Rocky Glades region to be recharged more directly by rainfall that has spent little to no time ponded at the surface. The negative δ 18 O and δD values in both the surface waters and groundwater in the Rocky Glades suggest that the water in this region is recharged locally by rainfall.
Using mean chloride concentrations of rainfall and shallow, fresh groundwater, the rate of groundwater recharge was estimated to range between 2 and 12 cm/yr using the relationship:
where, R is recharge rate in cm/yr, P is mean annual rainfall amount in cm/yr, C p is the mean volume-weighted chloride concentration in rainfall (precipitation), and C gw is the mean chloride concentration in the shallow groundwater (Edmunds et al., 1992) . Annual rainfall amounts determined from daily measurements made at 30 sites across Everglades National Park were 157. 5 ± 38.7 cm, 134.1 ± 30.5 cm, and 163 ± 24.0 cm, for 1997, 1998, and 1999 , respectively (data courtesy of Everglades National Park). Mean volume-weighted chloride concentration in rainfall, obtained from the National Atmospheric Deposition Program data set for the Royal Palm Station, was 0.03 mM. High recharge rates (8-12 cm/yr) were obtained for the Rocky Glades region, where other geochemical data suggest a limited water-rock contact time in this region (Fig. 11) . The slowest recharge rates of 2-5 cm/yr were obtained in the region of northern Shark Slough, where isotope data suggest that surface water is exposed to a significant amount of evaporation prior to infiltration to the groundwater. Moderate recharge rates of 3-6 cm/yr were obtained in the region of the C-111 basin and northern Taylor Slough, where groundwater-canal interactions are prevalent. Combining these recharge rates with mean annual rainfall amounts along with a value of 130 cm/yr for evapotranspiration (German, 2000) results in an estimated runoff for the region of 20.5-26.6 cm/yr for the years 1997 and 1999, and a negative runoff of -2.9 cm/yr for 1998. These values span the 9 cm/yr estimate of a 10 yr average for runoff from the Everglades into northeastern Florida Bay (Nuttle et al., 2000) . The annual variability in δ 18 O values of the waters in Everglades National Park is highest in the surface waters and decreases with depth in the surficial aquifer system (Fig. 7) . These results are consistent with the findings of Meyers et al. (1993) , who observed a larger standard deviation in δ 18 O values within the upper 30 m of the surficial aquifer system compared to deeper depths. The δ 18 O values of shallow groundwater tend to vary with those for surface waters, suggesting that the shallow groundwater is recharged throughout the year (Fig. 7) .
Deep groundwater within the surficial aquifer system (>30 m) typically have low H-and O-isotopic ratios that plot near the MWL. The source of this deep groundwater appears to be far north of the study site and the surface-water bodies of the Water Conservation Areas and Lake Okeechobee (Fig. 1) . Recently recharged groundwater in Polk Country, Florida, has a δ 18 O value of -2.6‰ and δD value of -13‰ (Sacks and Tihansky, 1996) . These isotopic compositions are similar to the δ 18 O value of -2.75‰ and δD value of -12‰ that represents the intersection of the Everglades evaporation line with the MWL (Fig. 5) . Therefore, rain in central Florida could be the source of recharge for the deep groundwater in the surficial aquifer system beneath Everglades National Park.
Another source for the deep groundwater in the surficial aquifer system is input from the underlying Hawthorn Group. Groundwater chemistry of well G-3318B confirms that groundwater from the Hawthorn formation is mixing with groundwater in the surficial aquifer system at this location (Fig. 8) . A comparison of groundwater levels between the Hawthorn Group well and nearby shallow wells indicates a potential for upward flow from the Hawthorn Group to the surficial aquifer system (Price, 2001) . Hydrologic modeling of a linear increase in 4 He from the Hawthorn Group to the top of the surficial aquifer system suggests the diffusive transport of groundwater from the Hawthorn Group into the surficial aquifer system (Price et al., 2003) . Groundwater inputs from the Hawthorn Group to the surficial aquifer system may also explain the decrease in chloride Geochemical indicators of groundwater recharge in the surficial aquifer system 263 concentrations below a depth of 40 m (Fig. 10) . The average values of δ 18 O and δD of -3.21‰ and -14.5‰, respectively, of the groundwater from the Hawthorn Group suggest that the Hawthorn Group was either recharged north of the study site or during a geologic time when the isotopic composition of the local rainwater was slightly more negative than present day.
Taylor Slough
Taylor Slough appears to undergo a geochemical transformation along its reach. Water flow in the northern end of Taylor Slough is provided by discharges from the S-332 pump station, which pumps water from the L-31W canal directly into Taylor Slough. The similarity in the δ 18 O and δD values of Taylor Slough at S-332 and L-31W canal water at S-175 reflects the canal contributions at its source (Fig. 12) . Groundwater well L-31W is located adjacent to the L-31W canal halfway between pump stations S-332 and S-175. The different isotopic values of the groundwater in these wells and that in the canal water suggest that the groundwater there may be a mixture of canal water and groundwater from the Rocky Glades.
Further downstream at the Taylor Slough Bridge, δ 18 O and δD values of surface water in Taylor Slough remain unchanged from the source (Fig. 12) . The groundwater at Taylor Slough Bridge is isotopically similar to its overlying surface water, suggesting that the groundwater is recharged by the surface water. Further downstream at station E-130, the H-and O-isotope compositions of both the surface water and groundwater in Taylor Slough become negative and similar to values representative of the Rocky Glades. Taylor Slough most likely receives isotopically light water from the Rocky Glades area to the west in the vicinity of E-130. This result is consistent with a water balance for Taylor Slough, indicating the need for an additional source of water in the slough south of the Taylor Slough Bridge (Harvey and Choi, 2000; Price, 2001) . Further downstream at station E-146, the positive δ 18 O and δD values of both the surface water and groundwater are indicative of mixing with seawater and/or evaporation.
CONCLUSIONS
Evaporation of Everglades surface water contributes between 7% and 12% of the local atmospheric moisture, with the remainder of the moisture originating from evaporation of seawater. Shallow groundwater in the surficial aquifer system (<28 m) is recharged throughout the year by local rainfall subject to evaporation prior to infiltration. Groundwater recharge rates in the region range from 2 to 12 cm/yr, with the higher rates occurring in areas with little to no standing surface water. Deep groundwater in the surficial aquifer system (>28 m) is recharged by rainfall that has not been subject to evaporation, most likely far upgradient of the northern boundary of Everglades National Park. Groundwater from the Hawthorn Group is geochemically distinct from the surficial aquifer system, and its isotopic signature suggests recharge by rainfall unexposed to groundwater in the lower portion of the surficial aquifer system indicates that the surficial aquifer system is receiving groundwater inputs from the underlying Hawthorn Group. There is no geochemical evidence of an influence of surface water or shallow groundwater from Shark Slough across the Rocky Glades into Taylor Slough. The lack of evidence for a connection of water flow between the two sloughs is significant and suggests that any changes in water flow deliveries to northern Shark Slough may not affect Taylor Slough. Therefore, water managers should consider the two major watersheds of Everglades National Park (Shark Slough and Taylor Slough) as separate and independent. Changes in local precipitation, surfacewater levels, and canal levels in the C-111 basin should have the most impact on waters in Taylor Slough.
For this investigation, a combination of water-chemistry data, both stable isotopes of oxygen and hydrogen and major ions, was needed to decipher the different sources of recharge to the karst aquifer. The stable isotopes of oxygen and hydrogen were most useful in deciphering between the contributions of rainfall and surface water to shallow groundwater recharge. The major ions were most useful in determining sources of recharge from deeper aquifers as well as for identifying areas of seawater intrusion.
